The cholesterol-lowering action of soybean protein was studied with rats from the aspect of sulfur-containing amino acids using casein as a counterpart. Weanling rats were fed for 3 wk on a soybean protein isolate (SPI) or casein diet. Serum cholesterol levels did not differ between the two diet groups, but were lowered by supplementing methionine to a 10% SPI diet or cystine to an amino acid mixture diet, equivalent to a 10% SPI or to a 20% SPI diet. By adding methionine or cystine to a 10% SPI diet, cholesterol 7 ␣ -hydroxylase activity was elevated concomitantly with elevated hepatic glutathione (GSH) level, while hydroxyl methyl-glutalyl coenzyme A reductase activity was reduced by methionine, regardless of GSH levels. Excretion of fecal steroid was not significantly changed by addition of either amino acid, as expressed per body weight. These results indicate that the relative amount of methionine and cystine in a diet affected cholesterol metabolizing enzyme activity in a way not parallel to GSH concentration. Key Words sulfur-containing amino acids, soybean protein isolate, glutathione, HMGCoA reductase, cholesterol 7 ␣ -hydroxylase Hypocholesterolemic action of soybean protein isolate (SPI) has been demonstrated in animals ( 1 ) and humans ( 2 ). However, the cholesterol-lowering effect of SPI was inconsistent. Soybean protein exerted hypocholesterolemic action in a cholesterol-free and low-fat diet, but no definite response was shown when a SPI diet was combined with cholesterol or higher levels of fats or both ( 3 , 4 ), and the response varied with the age of the experimental animals ( 5 ). Changes in absorption and excretion of cholesterol as well as metabolic enzyme activity during growth would give various results in the cholesterol-lowering action of SPI. On the other hand, a highly purified soybean protein diet had no cholesterol-lowering activity ( 6 , 7 ) and a non-protein component such as isoflavone was responsible for the cholesterol-lowering action of SPI ( 8 -10 ), as well as phyto-oestrogens ( 11 ). However, the marked difference in amino acid profiles of soybean protein from casein could not be dismissed as a potential explanation for its cholesterol-lowering action. A marked difference in amino acid composition of soybean protein versus casein was in sulfur-containing amino acids; SPI consisted of low methionine and high cystine. The low content of methionine in SPI could account for the cholesterol-lowering action (12) (13) (14) , and serum lipid values were elevated by supplementing methionine to a SPI diet ( 15 ). Though cystine was not reliable as a hypercholesterolemic factor at normal concentration, an addition of an excess amount of cystine to a casein diet produced hypercholesterolemia in rats ( 16 ). Glutathione (GSH) is known as a cysteine reservoir, and its hepatic concentration was directly reflected by levels of dietary sulfur-containing amino acids. Feeding on a 10% SPI diet, which consisted of low content of sulfurcontaining amino acids, hepatic GSH concentration was markedly reduced, and promptly elevated by supplementing cystine or methionine to the diet ( 17 ). The activity of hydroxyl methyl-glutalyl coenzyme A (HMGCoA) reductase, a key enzyme in cholesterol synthesis and a thiol-activated enzyme ( 18 ), was altered by dietary manipulations in parallel relation to hepatic GSH levels ( 19 , 20 ). Activity of cholesterol 7 ␣ -hydroxylase, cholesterol catabolic enzyme, was reduced in the rat liver when hepatic GSH concentration was depleted ( 21 , 22 ). The objective of this study is to demonstrate hypocholesterolemic action of sulfur-containing amino acids in relation to GSH which activates two major cholesterol metabolic enzymes, HMG-CoA reductase and cholesterol 7 ␣ -hydroxylase. To reduce or incruse hepatic GSH concentration, weanling rats were fed on a 10% SPI diet with and without supplementing methionine or cystine. In addition, the amount of bile acids excreted into feces was compared between the rats fed on a SPI diet and those supplemented with methionine or cystine.
Hypocholesterolemic action of soybean protein isolate (SPI) has been demonstrated in animals ( 1 ) and humans ( 2 ) . However, the cholesterol-lowering effect of SPI was inconsistent. Soybean protein exerted hypocholesterolemic action in a cholesterol-free and low-fat diet, but no definite response was shown when a SPI diet was combined with cholesterol or higher levels of fats or both ( 3 , 4 ) , and the response varied with the age of the experimental animals ( 5 ) . Changes in absorption and excretion of cholesterol as well as metabolic enzyme activity during growth would give various results in the cholesterol-lowering action of SPI. On the other hand, a highly purified soybean protein diet had no cholesterol-lowering activity ( 6 , 7 ) and a non-protein component such as isoflavone was responsible for the cholesterol-lowering action of SPI ( 8 -10 ) , as well as phyto-oestrogens ( 11 ) . However, the marked difference in amino acid profiles of soybean protein from casein could not be dismissed as a potential explanation for its cholesterol-lowering action. A marked difference in amino acid composition of soybean protein versus casein was in sulfur-containing amino acids; SPI consisted of low methionine and high cystine. The low content of methionine in SPI could account for the cholesterol-lowering action (12) (13) (14) , and serum lipid values were elevated by supplementing methionine to a SPI diet ( 15 ) . Though cystine was not reliable as a hypercholesterolemic factor at normal concentration, an addition of an excess amount of cystine to a casein diet produced hypercholesterolemia in rats ( 16 ) . Glutathione (GSH) is known as a cysteine reservoir, and its hepatic concentration was directly reflected by levels of dietary sulfur-containing amino acids. Feeding on a 10% SPI diet, which consisted of low content of sulfurcontaining amino acids, hepatic GSH concentration was markedly reduced, and promptly elevated by supplementing cystine or methionine to the diet ( 17 ) . The activity of hydroxyl methyl-glutalyl coenzyme A (HMGCoA) reductase, a key enzyme in cholesterol synthesis and a thiol-activated enzyme ( 18 ) , was altered by dietary manipulations in parallel relation to hepatic GSH levels ( 19 , 20 ) . Activity of cholesterol 7 ␣ -hydroxylase, cholesterol catabolic enzyme, was reduced in the rat liver when hepatic GSH concentration was depleted ( 21 , 22 ) . The objective of this study is to demonstrate hypocholesterolemic action of sulfur-containing amino acids in relation to GSH which activates two major cholesterol metabolic enzymes, HMG-CoA reductase and cholesterol 7 ␣ -hydroxylase. To reduce or incruse hepatic GSH concentration, weanling rats were fed on a 10% SPI diet with and without supplementing methionine or cystine. In addition, the amount of bile acids excreted into feces was compared between the rats fed on a SPI diet and those supplemented with methionine or cystine.
MATERIALS AND METHODS

Animals and diets.
Because of stimulated GSH metabolism during growth ( 17 ), weanling male Wistar rats (Charles River, Japan; body weight of 55 Ϯ 3 g) were E-mail: tanim@nakamura-u.ac.jp housed in individual cages and maintained in a temperature controlled room at 20-22˚C with a controlled 12-h cycle of light and dark. Rats were fed for 3 wk on a SPI or casein diet composed with 10% or 20% protein level, respectively. The composition of the diet was prepared similarly to the recommendation of AIN 93 ( 23 ) ( Table 1 ). In our previous study, a protective effect against oxidative stress was found when 0.3% methionine or cystine was supplemented to a 10% SPI diet with marked elevation of hepatic GSH levels ( 24 ) . In this experiment, 0.3% methionine or cystine was supplemented to a SPI diet at the expense of cornstarch, regardless of the over amount of cysteine to methionine as equivalent molecular base. Diets and drinking water were given ad libitum during the experiment. As protein sources, soybean protein isolate (Fujipro-R; SPI) provided from Fuji Oil Co., Ltd. (Osaka, Japan) and vitamin free casein (ICN Biochemicals, Aurora, OH, USA) were used. SPI consisted of 91.1% crude protein, 4% salts, 3.5% carbohydrate. Amino acid composition of SPI was analyzed in Research Center of Fuji Oil Co., Ltd.; 1.4 g of methionine and 1.3 g of cystine were contained per 16 g of nitrogen. Casein consisted with 94.7% crude protein, in which 2.9 g of methionine and 0.3 g of cystine were contained per 16 g of nitrogen. All aspects of the experiment were conducted according to the guidelines provided by the Ethical Committee of Experimental Animal Care at Nakamura Gakuen University.
Lipid assay. Serum was separated from blood collected from the carotid artery in the case of microsomes preparation; otherwise, it was from femoral artery, and used for lipid assays. Lipids in the serum and liver were extracted according to the procedure of Folch et al. ( 25 ) . Total cholesterol, free and ester, was determined by the cholesterol oxidase method with the Cholesterol C-test Wako (Wako Pure Chemical Industries, Ltd., Osaka). Triglyceride in the liver and serum was assayed with the Triglyceride-test (Wako Pure Chemical Industries, Ltd.), principally based on Fletcher's method ( 26 ) . Feces were collected at the end of the feeding period and lyophilized. The level of fecal neutral and acidic steroids was determined by gas-liquid chromatography using 5 ␣ -cholestane and nordeoxycholic acid, respectively, as an internal standard ( 27 ) . Assay of GSH. GSH concentration in the liver was reduced by a low amount of dietary protein and sulfurcontaining amino acids. To determine GSH-dependent cholesterol-metabolic enzyme activity, rats were fed on a 10% SPI diet with and without supplementing methionine or cysteine to the diet. After 3 wk feeding on each diet, a portion of the liver was taken, and immediately homogenized in ice cold 5% perchloric acid. Using the supernatant after centrifugation at 2,500 rpm for 10 min, glutathione (reduced and oxidized forms) was determined by HPLC after derivatizing with dinitrobenzene fluoride according to the method of Reed et al. ( 31 ) .
Chemicals. Cornstarch, vitamin mixture (AIN 93), mineral mixtures (AIN 93), and cellulose powder were purchased from Oriental Yeast Co., Ltd., Tokyo. Choline bitartrate and tert -butyl hydroquinone were purchased from Wako Pure Chemical Industries, Ltd. Radiolabelled [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]HMG-CoA was from New England Nuclear. Other chemicals were of reagent grade.
Statistical analyses. Results are presented as mean Ϯ SD (standard deviation). Statistical analyses were performed using variance (ANOVA) with Fisher's PLSD test. Differences associated with p Ͻ 0.05 were considered statistically significant.
RESULTS
Body weight gain and food intake were low in the 10% SPI group compared with those of the 10% casein group (Table 2) . These indices were improved by methionine supplemented to a 10% SPI diet, but supplemented cystine resulted in deterioration of growth rate. There was no statistical difference in the serum cholesterol levels between SPI and casein diet at 10% and 20% protein levels. By addition of methionine to a 10% SPI diet or cystine to a 20% SPI diet, growth rate was improved, and blood cholesterol levels were lowered in comparison with each counterpart without addition of the amino acid ( Table 2) . On a 10% amino acid mixture diet, equivalent to a 10% SPI diet, body weight gain and food intake were higher than those fed on a SPI diet, and the cholesterol levels were lowered by addition of cystine, but not methionine with which a cholesterol-lowering effect was observed in a 10% SPI diet (Table 3) .
GSH, and HMG-CoA reductase and cholesterol 7 ␣ -hydroxylase
On a diet consisting of a 10% SPI, deficient in sulfurcontaining amino acids, hepatic GSH concentration was lowered markedly, the present data being similar to that found previously ( 17 ) . GSH concentration was increased 6.4-fold by supplementing a 10% SPI diet with 0.3% methionine, or 4.9-fold by cystine ( Table 4) . The GSH levels after supplementing either with methionine or cystine were comparable to the value of 6-8 mol/g liver in the rat fed a 20% casein diet ( 17 ) , and SH-mediated-cholesterol metabolic enzymes were changed variously. HMG-CoA reductase activity was reduced by methionine, and cholesterol 7 ␣ -hydroxylase Values are expressed as meanϮSD of six rats. a-h Different letters in the same column denote significant differences among diet groups at pϽ0.05. Values are expressed as meanϮSD of six rats. abc Different letters in the same column denote significant differences among diet groups at pϽ0.05. activity was elevated by supplementing cystine or methionine to a 10% SPI diet.
Excretion of fecal steroids
Excretion of neutral and acidic fecal steroids was increased significantly in the rats fed on a 10% or 20% SPI diet in comparison with those fed on a 20% casein diet (Table 5 ). Despite the elevation in cholesterol 7␣-hydroxylase activity which increased in parallel to the hepatic GSH levels (Table 4) , the amount of excretion of neutral fecal steroid was nearly the same as that for the SPI diet, as expressed as mg/d/100 g body weight (Table  5) .
DISCUSSION
The low content of methionine in vegetable protein was proposed to be a reliable factor for cholesterol-lowering action in comparison with animal protein composed with high methionine content (12) (13) (14) . In the present experiment, the cholesterol level did not differ between the rats fed on a diet of either 10% SPI or casein, but the level was changed after supplementing the SPI diet with sulfur-containing amino acids. However, the cholesterol-lowering action of methionine and cystine varied, depending on a basal protein. The cholesterol level was lowered by supplementing methionine to a 10% SPI diet, but no lowering action was found in a 10% amino acid mixture diet, patterned to a 10% SPI, or a casein diet, and the level was rather elevated in a 20% SPI or casein diet. In contrast, the level was lowered by supplementing cystine to a 10% amino acid mixture or to a 20% SPI diet. To elucidate the mechanism of contradictory hypocholesterolemic action of methionine in a 10% SPI diet, cholesterol metabolic enzyme activity was examined in rats fed on a 10% SPI diet in relation to GSH, which concentration in the liver was known to reflected the dietary content of sulfuramino acids. In the present result, GSH levels were elevated by supplementing a 10% SPI diet with methionine or cystine, and hepatic cholesterol 7␣-hydroxylase activity was elevated with a concomitant increase in GSH concentration. The result agreed with the previous findings (21, 22) . In contrast, HMG-CoA reductase activity was not proportional to the hepatic GSH levels.
The activity was reduced by supplementing a 10% SPI diet with methionine, whereas it was slightly elevated by supplementing with cystine. Previously Tasker and Potter (20) found that HMG-CoA reductase activity was highest in the gerbils fed on a soy diet, in comparison with those fed on casein or amino acid mixture diet, patterned after soy and casein, but the effect was not examined in relation to GSH. Since HMG-CoA reductase is a SH-activated enzyme, the activity determined in the presence of sufficient amount of ␤-mercaptoethanol would not be reflected in that operated under the circumstance at different GSH concentration in situ. Though GSH would not play a significant role in synthesis or induction of HMG-CoA reductase, it could exert an effect on the activation process in vitro.
Cholesterol lowering of methionine was observed in a 10% SPI diet, but not in a l0% amino acid mixture or casein diet. The different effect between diet groups would be due to availability of methionine from a diet. Low utilization of methionine from a SPI diet was deduced by reduced body weight gain in rats fed on a SPI diet in comparing with those on an amino acid mixture diet (Table 3) . Since ␥-glutamyl transferase (GGT) activity and expression of the GGT gene were intensely elevated under methionine deficiency (32), a characteristic increase in GGT activity in the liver of rats fed on a SPI diet (33) indicated low methionine utilization from a SPI diet.
In this experiment, hypocholesterolemic action of cystine was found when rats were fed on a 20% SPI diet as shown in Aoyama et al. (16) , but no action was found when added to a 10% SPI diet. Addition of cystine at 0.3% to a 10% SPI diet resulted in an inadequate proportion between the essential amino acids, and dismissed the lowering action.
In a previous study, fecal bile acid excretion was significantly reduced in the rats depleted in GSH (22) . In the present study, hepatic GSH levels were elevated by supplementing methionine or cystine to a SPI diet, and cholesterol 7␣-hydroxylase activity was increased. However, excretion of cholesterol as fecal steroids was not proportional to the elevated GSH levels. By supplementing methionine or cystine to a 10% SPI diet, cho- lesterol 7␣-hydroxylase activity was increased with a concomitant elevation of GSH. However, excretion of acidic steroid and neutral steroid was not augmented. In general, the amount of fecal steroids reflected cholesterol catabolic enzyme activity. In this experiment, excretion of steroid was not increased, regardless of the increase in the enzyme activity. The result indicated that much higher enzyme activity was required to make a significant difference in steroid excretion. Sulfur-containing amino acids play a role in cholesterol metabolism, but are not directly mediated with GSH. By supplementing methionine to a 10% SPI diet, protein quality as estimated by the protein efficiency ratio (gain of body weight/protein intake) was improved from 2.28 of a 10% SPI diet to 2.97 (assessed from Table 2) , and serum cholesterol levels were decreased, while triglyceride concentration was increased both in the liver and serum. In cystine supplementation, triglyceride concentration was decreased in the liver, and increased in the serum. After supplementing these amino acids to a 20% protein diet, the elevation of triglyceride levels was amended significantly. Fatty liver formation and reduction in weight gain are known to be caused by amino acid imbalance. After supplementing methionine to a SPI diet and cystine to a casein diet, threonine and arginine became a second restricted amino acid in soybean protein and casein, respectively. Different effects on lipid profiles and body weight gain after supplementing methionine and cystine would be caused by the difference in secondary amino acids between the two proteins. It was suggested previously that disproportion between essential amino acids including methionine produced different hypercholesterolemic responses (34) . By supplementing methionine or cystine to SPI and casein, or to a 10% and 20% protein diet, an inadequate proportion between essential amino acids was produced, and would have different effects on hypercholesterol response, depending on dietary protein type.
